Diazepinium perchlorate, an essentially neutral organic salt possessing excellent stability, has been found to be well suited for the acetylation of free as well as partially protected sugars, phenols, thiophenols, thiols and other alcohols as well as amines. The diazepinium perchlorate-catalyzed acetylation is mild, organic and solvent-free and leaves acid sensitive protecting groups such as TBDMS/TBDPS/Tr ethers and isopropylidene/benzylidene acetals present on a substrate unaffected. Regioselective hydroxyl protection in partially protected carbohydrate derivatives/polyhydroxylic compounds was possible and was proved to be a convenient time-saving alternative to the conventional synthesis of such compounds. Easy preparation of the catalyst, mild reaction conditions and an environmentally benign protocol are some of the notable features of this reaction. The results obtained on the acetylation of phenols and thiophenols could be rationalized through their local nucleophilicity index obtained from DFT calculations.
Introduction
Acyl transfer reaction is one of the most commonly used reactions in synthetic organic chemistry, in particular, synthetic carbohydrate and natural products chemistry, for the protection of hydroxyl groups as esters and therefore application of new catalysts for this category of reactions is in continuous demand. It is usually carried out by reacting the substrate with the desired acyl donor in the presence of a catalyst. Both acidic as well as basic catalysts are equally effective and have used for this purpose. Examples of substances that are neutral in nature and used as acyl transfer agents can also be seen in the literature. An exhaustive list of the various classes of catalysts used in the peracetylation of carbohydrates can be seen from a recently published review.
1 Additionally, for non-carbohydrate alcohols a variety of other catalysts such as Bu 3 P, 2 CoCl 2 , 3 TaCl 2 , 4 TMSOTf, 5 iminophosphorane bases (with enol esters) 6 and distannoxane catalysts, etc. have also been used in the presence of excess amounts of acetic anhydride in various solvents. 7 The relatively strong basicity (pK a ¼ 13.4) 8 of the 2,3-dihydro-5,7-dimethyl-1,4-diazepine (1a) and the excellent stability of its neutral perchlorate salt 2 (ref. 9) ( Fig. 1 ) attracted our attention in this context and prompted us to explore the suitability of the latter as a possible acylation catalyst with potential benets over many of the hitherto known acylation catalysts. In particular, it was felt that the mild nature of 2 may offer good possibilities for the selective formation/hydrolysis of isopropylidene acetals besides possible selective acetolysis of one or more benzyl ether groups in sugars carrying multiple benzyl ether protecting groups. Thus, herein we describe the use of 2 as an efficient acyl transfer catalyst for the acetylation of various classes of organic compounds containing -OH, -SH and NH 2 groups in stoichiometric acetic anhydride (see Scheme 1 to follow).
Results and discussion
The diazepinium salt 2 (ref. 10 ) was prepared by the method reported by Lloyd et al. 9 and was used for the acetylation reaction as described below. Considering the more challenging demand of a carbohydrate molecule structurally, as compared to many of the other simple hydroxylic compounds, a common monosaccharide, D-glucose (5) , was chosen as the substrate for the initial experiments on acetylation using perchlorate 2 as the promoter. Thus when 5 was treated with acetic anhydride in the presence of 2 (10 and 20 mol% in two separate parallel experiments; see Table 1 , entries 1 and 2), no acetylated product was found to be formed during a reaction time of up to 24 h at 25 C. Compound 5 remained insoluble. This was not very surprising from the neutral nature of 2. Under the same conditions at 30 mol% of 2, however, 5 reacted to a notable degree to give a 40% yield of the desired 6 (entry 3, Table 1 ). A Scheme 1 Diazepinium perchlorate-catalyzed acyl transfer reaction using Ac 2 O as the acyl donor. e Yield (conversion) was determined by gas chromatography (GC).
partial dissolution of 5 had been observed in this case. And, when the reaction was performed at a slightly higher temperature of nearly 40 C (entry 4, Table 1 ) the sugar started to go into solution in a few minutes and a complete dissolution of 5 was observed in 10 min (entry 4, Table 1 ). A clear colourless solution had been resulted which had also become hot, typical of an exothermic reaction. Analysis of the reaction mixture by TLC (eluent, EtOAc : n-heptane, 2 : 3) showed the presence of only one product (spot), that corresponded to an authentic sample of the expected penta-O-acetate 6 (ref. 11) in R f value; and importantly, no partially acetylated glucose derivative was present in the mixture (as evidenced by the absence of any slower moving products on TLC). Compound 6 isolated in near-quantitative yield (2.15 g, 99%) following a simple aqueous workup and crystallization was practically pure and in a form suitable for employing in reactions further. In a subsequent reaction wherein 2 was used at 25 mol% concentration (entry 5, Further, although a reaction of 5 carried out with AcOH as the acetyl donor agent in the presence of 2 (30 mol%) was proved incapable of serving the purpose (entry 6, Table 1 ), was found somewhat effective for the acetylation of simple alcohols such as n-BuOH (entry 7, Table 1 ). Thus, under these conditions (entry 7, Table 1 ) conversion of the alcohol to an extent of 75% (by GC) had been observed. On the other hand, when AcCl was used as the acyl donor in the reaction of 5, the acetylated product 6 (entry 8, Table 1 ) was obtained in 20% yield. It may be noted that reaction of polyhydroxylic compounds such as 5 with AcCl (conducted in the absence of any acid scavenger) is usually accompanied by release of stoichiometric quantities of HCl (gas). Taking into account the solubility of hydrogen halides in Ac 2 O/AcOH, this opportunity can be utilized in effectively trapping the HCl generated in situ and utilizing the same for the conversion of the glycosyl acetate formed in the reaction to the corresponding glycosyl chloride in the same pot.
13 This possibility in the instance above shall be investigated in the future.
The diazepinium perchlorate (2)-catalysed acetylation can be depicted as shown in Scheme 1. When a solution of perchlorate 2 in Ac 2 O (0.28 M) was prepared and the mass spectrum (LCMS-LTQ ESI) was recorded aer 30 min of standing, peaks 14 Again, in reactions in Ac 2 O using these catalysts (25 mol% with respect to the sugar, D-glucose) for acetylation at [35] [36] [37] [38] [39] [40] C for 30 min, only the case of 2 led to the formation of the acetylated product 6. However, in the case of LiClO 4 , the reaction employing the catalyst at 50 mol% level for 12 h led to a successful acetylation as described by Huang and coworkers. 15 Further, in the case of acetylation of the monosaccharide 5 promoted by 2, mass spectroscopic analysis of the reaction mixture revealed that the intensity of the peak corresponding to m/z ¼ 349.12 ([2 + Ac 2 O + Na] + ) was signicantly weaker towards the completion of the reaction as compared to the initial stages of the reaction. In view the above observations made in the course of the mass spectral analysis of the acetylation mixture, a DFT study on the system was also carried out and the results of this have been shown in Tables 2 and 3 (respectively, the energyminimized 2-Ac 2 O complex 2b showing the possible H-bond distances and listing of the energy values observed). The energy-minimized structure clearly shows that the H-6 of the diazepinium moiety is very much within the range of hydrogen bond distances considered reasonable for C-H hydrogens.
16,17 A value of +0.282 NBO charge for the H-6 as against the values of À0.563 and À0.555 for the acetic anhydride-oxygen atoms is also consistent with H-6 acting as a Lewis acid as depicted in Scheme 1. It was then thought worthwhile to compare the complex 2b with another formed between a conventional acid/ Lewis acid catalyst and Ac 2 O. Thus a recently reported MeSO 3 H-Ac 2 O that has been found to be highly efficient in acetylating various hydroxylic substrates was chosen for this purpose. 18 The minimized structure of the complex 2d along with the hydrogen bond distances and the energy of stabilization are also shown in Tables 2 and 3 . Thus, while the stronger hydrogen bond in complex 2d along with a higher energy of stabilization (compared to those of 2b) are consistent with this (latter) powerful acetylation system, 18 it also indeed lends support to the mechanism of Lewis acid-like catalysis as proposed in Scheme 1 for the activation of Ac 2 O in the acetylation reaction promoted by 2. The bond angle a in C-H/O interaction is in between 90 and 180 in complex 2b which are necessary for the H-bonding (entry 1, Table 2 ) to be facilitated with ease. The data summarized in Table 3 on the calculated energies for 2, Ac 2 O and their complex 2b, for which the net energy of stabilization was found to be lower than the value for MeSO 3 H-Ac 2 O complex (2d) as expected, also is in agreement with the activation of Ac 2 O proposed for acetylation in Scheme 1. Arguably, analogous to the situation in metal triate-catalyzed acetylations where an in situ-formed TfOH could be attributed to partially account for the catalysis of the acylation reaction, 19 an in situ-formation of HClO 4 in 2-Ac 2 O system can also be considered reasonable and to similarly account for the observed catalysis. In view of this possibility, we tried to examine the acidity of In(OTf) 3 -Ac 2 O system, 12 a typical metal triate-Ac 2 O system, as well as 2-Ac 2 O system using a standard pH meter. Thus, while a "pH" value of 2.73-3.2 was obtained for neat Ac 2 O, the corresponding reading obtained for a solution of In(OTf) 3 (catalytic) in Ac 2 O was well below zero (and outside the limits of the pH meter). However, the corresponding reading for the 2-Ac 2 O system was 3.44. Similarly, for the 2-Ac 2 O-glucose system (aer completion of the acetylation of the sugar) the "pH" reading obtained was 2.71. Thus, in contrast to Ac 2 O turning highly acidic upon dissolution of a catalytic amount of the metal triate in it, the dissolution of 2 only rendered the resultant solution turn less acidic. This is in accord with the reaction sequence outlined in Scheme 1. In order to verify the possibility for any base-catalyzed activation of the alcohol residue by the perchlorate anion, work is underway for synthesizing diazepinium salts with other counter anions such as those of triic acid, hexauorophosphoric acid, tetrauoroboric acid, etc. This will also enable us to conclude on the possibilities for nding low melting diazepinium salts that we hope could also possibly serve as ionic liquids.
In the acetylation of D-glucose described above, it may also be pointed out that the by-product (AcOH) of the reaction served as an excellent solvent for the per-O-acetylated product but could also be removed easily in the aqueous alkali workup involved in the acetylation. Needless to mention, in small scale reactions it can also be conveniently removed by co-distillation with toluene under a reduced pressure. When the reaction under identical conditions was carried out using D-galactose (7, entry 1, Table 4 ) as the starting material, the corresponding pentaacetate 8 was also obtained in 98% yield. Likewise another common reducing sugar (D-mannose, 9) was also converted at ease to its per-O-acetylated derivative 10 in 96% yield (entry 2, Table 4 ). In the same manner, disaccharides [lactose (11) , cellobiose (13) and maltose (15)] could also be converted to their corresponding octaacetates (12, 14 and 16, respectively) with equal efficiency (entries 3-5, Table 4 ). In view of the above successful results obtained with 2, its analogues 3 and 4 were also investigated for its possible application in the above class of acylation reactions using 5 as the substrate. It was found that under the reaction conditions described above, the perchlorates 3 and 4 were in fact ineffective as a promoter for the acetylation of 5. These salts were therefore not investigated further.
In most of the acid-catalyzed acetylation reactions of sugars difficulties arise when acetylation of their derivatives bearing acid-labile substituents such as acetals and trityl/TBDMS/ TBDPS ethers are to be carried out. One of the approaches towards overcoming such problems has been to perform the reaction under milder and controlled conditions (for example, at lower temperatures, reduced catalyst-concentration, etc.). Therefore care-free methods requiring no such special conditions for the success of this reaction would be greatly benecial. It was in this context that the following sets of partially protected sugar derivatives were examined as substrates for acetylation in the presence of 2. Thus, the partially benzylated lactoside 17, the isopropylidene acetal of galactopyranose 19, the hexopyranosides-derived benzylidene acetals 21 and 23, the trityl ether 25, the silyl ether 27 and the benzyl glycoside 29 also gave their respective acetylated derivatives 18, 20, 22, 24, 26, 28 and 30 respectively in excellent (near-quantitative) yields in reactions carried out at [35] [36] [37] [38] [39] [40] C (entries 6-12, Table 4 ). The NMR spectra of these compounds obtained as crude products aer the aqueous workup of the reaction mixture (please see the ESI †) stand as testimony to their excellent purity. In order to reconrm the stability of the acid-sensitive protecting groups on the substrates in the acetylating solution, the reaction mixture from a parallel reaction carried out on the acetal-protected 29 was le for four weeks aer the formation of 30 was complete.
The product isolated subsequently by aqueous work up was indeed found to be the unchanged 30. The importance of this observation lies in the fact that all these compounds are extremely vulnerable to acetolytic conditions (Ac 2 O-acidic catalyst systems) usually employed for the reaction. Further, alcohols such as b-cholesterol (31), (À)-menthol (33), glycerol (35) , dithiothreitol (37) and benzyl alcohol (39) also gave their acetylated derivatives 32, 34, 36, 38 and 40 (entries 13-17, Table 4 ), respectively, in excellent yields on treatment with Ac 2 O in the presence of 2. Likewise, examples of phenols, thiophenols and their derivatives were also tested as substrates for acetylation. It was found that phenol (41), 4-methylphenol (43), 4-methylthiophenol (47) and 4-hydroxythiophenol (49) gave their respective acetylated derivatives 42, 44, 48 and 50 (entries 18, 19, 21 and 22, Table 4 ) in excellent yields. Thus, no chemoselectivity towards acetylation under the above condition was observed in the case of the phenolic hydroxyl and sulydryl groups. On the other hand, 4-nitrophenol (45) in the presence of 2 in Ac 2 O did not give the acetylated product 46 even aer 24 h of treatment under conditions identical for phenol (entry 20, Table 4 ). As theoretical data of 4-methylphenol (43) and 4-nitrophenol (45) like pK a and s (Hammett constants) 29b are 10.174, À0.17 and 7.161, 0.78 indicated that latter case is more acidic and rather electrophilic (entries 19 and 20, Table 4 ). Thus, the deactivating effect of the para-substituted electron withdrawing nitro group was clearly evident. Moreover, the reported values 29b for the pK a and the s (Hammett constants) for these compounds are also supportive of this observation. As a result thus, when a mixture of 41 and 45 was subjected to treatment with Ac 2 O in the presence of 2, only the former underwent the reaction enabling the isolation of 42 by aqueous workup in excellent yield along with the near quantitative recovery of 45 (entry 23, Table 4 ). Therefore this could serve as a simple protocol for the effective separation of such compounds in a mixture. In continuation of this study, a set of typical examples of amino compounds were also subjected to acetylation under the conditions noted above. Thus, aminophenols/alcohols such as 51 and 53 as well as amines such as 55 and 57 when treated with Ac 2 O in the presence of 2 also underwent the reaction smoothly to give the corresponding acetylated derivatives 52, 54, 56 and 58, respectively (Table 4 , entries 24-27) in excellent yields. Whereas in case of 51 and 53 (Table 4 , entries [24] [25] , no chemoselectivity in the N-/O-acetylation was observed.
Rationalization of the reactivity differences observed in the phenolic/thiophenolic compounds
In the acylation reactions such as those described above, the reactivity differences observed in the case of substituted phenols/thiophenols, etc. are generally justied (and as described herein) by the activating/deactivating effect of the substituent groups present on the aromatic ring. However, no quantitative estimates in respect of the above, in terms of the calculated nucleophilicity of phenol/thiophenol substrates have been available. In view of this an attempt was made to perform a computational study by using Gaussian09 package employing a density functional B3LYP/6-31+G(d) method to calculate the nucleophilicity parameters as local nucleophilicity index (N k À ), global nucleophilicity index (N), and Fukui function for electrophilic attack (f k À ). The Fukui function allows to predict the most electrophilic and nucleophilic sites in a molecule which can be further used to determine the reactivity of the molecules under study. (Table 5 , entries 1-16). On the other hand, the uoro-(65) and the phenol, thiophenol and the substituted phenols/thiols used in this study have been listed in Table 5 in the decreasing order of their nucleophilicity, based on the calculated local nucleophilicity index, N k À (see in ESI †). It can be seen from the table that for the substrates used in this study, the nucleophilicity index in general followed the order, thiophenols > substituted thiophenols > phenols > substituted phenols, with the exception of p-nitrothiophenol occupying a place among that of the substituted phenols, not surprisingly though considering the strong electron withdrawing (inductively as well as, signicantly more strongly, by resonance) nature of this substituent group. The experimental results obtained for these compounds are also in general in accordance with the above, as can be seen from the reaction time noted in Table 5 for the respective compounds. However, the experimental results obtained in the case of puorophenol (entry 8, Table 5 ) showing it to be virtually unreactive under the conditions, has been an exception in this case. The reactivity differences between 4-uorophenol (65) and 2-chlorophenol (67) have also been noted previously by others. 46a This certainly points to the important additional factors, such as the intermolecular hydrogen bonding, in operation in the case of this halogenophenol. Likewise, although p-thiocresol (47) was proved experimentally to be completing the reaction faster as expected from the activating effect of the p-Me substituent in it, was shown to be marginally lower in the order of nucleophilicity index (entries 1 and 2, Table 5 ). Similarly, pcresol (43) though was more reactive (reacting completely in 2.5 h) than phenol (41, that required 3 h in comparison), had identical nucleophilicity indices (entries 6 and 7, Table 5 ). In the case of the three (o-, m-and p-) nitrophenols (entries 14-16, Table 5 ), the m-nitrophenol (75) was proved more reactive than the other two (77 and 45) as expected. The strong electron withdrawing nature of the nitro group is still evident (in spite of the absence of any resonance effect) from the relatively low yielding reaction observed in it (entry 14 versus 15 and 16, as well as other entries, Table 5 ).
Additional information emerged from the experiments carried out on various sugars and their partially protected analogues was that, in general, the partially protected sugars required longer time for the completion of the reaction. Although it is consistent with the exothermic nature of the reaction, it also served to suggest that selective acetylation leading to partially protected sugars could perhaps be achievable in the case of partially protected sugar derivatives with more than one hydroxyl functionality, perhaps placed strategically, on them.
33,34
Thus, the 6-O-silylated mannosides 79 and 81 were employed as substrates for acetylation with Ac 2 O in the presence of 2 (entries 1 and 2, Table 6 ). Indeed, the respective di-O-acetylated products 80 and 82, with the OH-4 remaining free, were obtained as the sole respective products in excellent yields (entries 1 and 2, Table 6 ). The partially protected compounds 80 and 82 are extremely valuable glycosyl acceptor substrates in oligosaccharide synthesis and their preparation from their respective precursor-glycosides would have involved signicantly more steps. In contrast, the outcome of the acetylation of the pnitrophenyl galactoside 83 carried out subsequently was comparatively less dramatic in its effectiveness (entry 3, Table 6 ) in that the selectively protected 84 could be obtained in only 60% yield, the remaining being the tetra-O-acetate 85 although no difficulty in the separation of the two (84 and 85) by column chromatography on silica gel was experienced. Thus, under the conditions of acetylation studied the HO-2 of the galactoside 83 was found less reactive than the other secondary hydroxyls present in the molecule. Among the secondary hydroxyl groups of galactopyranosides such as 83 the HO-3 is known for its relative high reactivity compared to HO-2 and HO-4. However, the lower reactivity of HO-2 compared to that of HO-4 observed in the above case was somewhat surprising and could have been due to the deactivating nature of the p-nitrophenyl group present on O-1 of the sugar moiety leading to a possibly reduced, despite perhaps only marginally, nucleophilicity of its O-2. In an attempt to rationalize this observation further the acetylation of m-nitrophenyl b-D-galactoside 86 was carried out under the same conditions as for the analogous galactoside 83.
Here again, the selectively 2,3,6-tri-O-acetylated product 87 was obtained along with the tetra-O-acetylated galactoside derivative 88. However, compounds 87 and 88 were obtained in 80% and 20% yields (entry 4, Table 6 ), respectively, aer separation by chromatography on a column of silica gel. Thus, although the m-nitrophenyl group at the anomeric centre of 86 is expected to inuence the nucleophilicity of its O-4 to a lesser extent, as compared to the p-nitrophenyl substituent present in 83, a signicantly enhanced yield of 87 (bearing a free hydroxyl on C-4) was indeed obtained in the reaction of 86. It therefore appeared that the inuence of the m-nitrophenyl group present at the anomeric centre on 86 may have been more steric (than electronic) in nature. It may be noted that as compounds 87 and 88 had signicantly different R f values their separation was achieved efficiently and therefore the extremely valuable partially protected galactoside 87 could be obtained in pure form without any practical difficulty. Its traditional synthesis would have indeed been multi-step in nature. At this point a study on the acetylation of the o-nitrophenyl b-D-galactoside 89 was thought benecial.
Thus, when 89 was treated with Ac 2 O in the presence of 2 and the product emerged was analyzed by TLC, it was revealed that the outcome was of a more complex nature. A set of three spots with R f values 0.45 (A), 0.43 (B) and 0.23 (C) was obtained on TLC (eluent, EtOAc : n-heptane, 2 : 1) of the product. Attempts to separate them by chromatography on a column of silica, resulted in the elution of the rst two (A and B) closely-moving components as a mixture. Analysis of this mixture by NMR spectroscopy, however, enabled the identication of these products as the 2,4,6-tri-O-acetylated compound 90 and the 3,6-di-O-acetylated compound 91 (A and B, respectively) in the ratio 1 : 0.6 (entry 5, Table 6 ). Following the above, component C was eluted and was identied by NMR spectroscopy as a mixture of two regioisomeric diacetates, namely, the 4,6-di-O-acetylated compound 92 and the 2,6-di-O-acetylated compound 93 in a ratio of 1 : 0.7. The proportion in which these eluates (A + B and C) were present in the mixture was 1 : 2 [(90 + 91) : (92 + 93)], thus the overall ratio of 90 : 91 : 92 : 93 formed being 1 : 0.6 : 2 : 1.4. A surprising observation on the outcome of the foregoing reaction was the unusually low proportions of the product-fraction 91 bearing a 3-O-acetyl moiety, in spite of the known relatively high reactivity of the HO-3 of unprotected Dgalactopyranosides. Moreover, compound 91 was the sole 3-Oacetyl group-containing product formed in the acetylation of 89. In contrast, the 2-O-acetyl group-containing products formed in the acetylation of 89 were signicantly more, indicating a relatively more facile acetylation at HO-2. This was suggestive of a possible steric interaction (1,3-cis-) exerted by the anomeric Oo-nitrophenyl substituent in 89 on its HO-3. Moreover, in the case of the 4,6-O-benzylidene-protected diol 94 the mono-and di-O-acetates 95 and 96, obtained in 2 : 1 ratio, were the only products of acetylation, with no selectively 2-O-acetylated product being obtained in the reaction. Our attempts to gather theoretical support for the observations noted in the regioselective acetylations of galactosides 83, 86, 89 and 90 described above, by subjecting these structures to studies by Gaussian09 package unfortunately were turned out inconclusive (and therefore are not discussed here).
p-Acetyl-o-methoxyphenyl b-D-glucoside 97 when treated with acetic anhydride in the presence of 2 the selectively 2,3,6-tri-Oacetylated product 98 was obtained in 80% yield along with the tetra-O-acetylated glucoside derivative 99 obtained in 20% yield (entry 7, Table 6 ) in consistence with the known order of reactivity of a glucopyranoside-hydroxyl groups. Likewise, in the case of the reaction of methyl 6-O-trityl a-D-glucoside 100 with Ac 2 O in the presence of 2 also, the selectively 2,3-di-O-acetylated product 101 was indeed the major partially acetylated product formed (65% yield along with tri-O-acetylated product 102 in 32% yield, entry 8, Table 6 ). Moreover, preference for the acetylation of a primary hydroxyl group over a secondary was also evident from the results obtained from the reaction of the partially protected glycerol derivative 103 yielding selectively mono-O-acetylated product 104 as the major product (along with di-O-acetate 105 in a ratio of 9 : 1 in 96% combined yield, entry 9, Table 6 ).
Further, a comparison of different reported catalysts with the diazepinium salt 2 for acetylation reaction of 5 and 19 has been illustrated in Table 7 . Thus, it becomes clear that while the current method is comparable to the best literature methods in terms of the reaction yield, it is solvent-free and requires only close-to-stoichiometric quantities of the acyl donor agent (like some of the known entries in the table) and, unlike many of the others, is greener (organic, non-corrosive, non-hazardous and not sensitive to air/moisture).
Conclusions
Diazepinium perchlorate (2) has been found to be an attractive alternative neutral catalyst for acyl transfer reactions of monoand disaccharides and their various partially protected derivatives as well as various alcohols, phenols, thiols, thiophenols and amines using acetic anhydride as the acyl donor agent. Regioselective acetylations of various partially protected monosaccharides were also successful and were proved effective time-saving alternatives to their conventional multi-step synthesis. The results obtained on the acetylation of phenols and thiophenols were rationalized through their local nucleophilicity index from DFT calculations.
Experimental

General
All reagents (Aldrich India Ltd) used were of analytical grade and were used as purchased without further purication.
Reactions were monitored by TLC, which was performed using 0.2 mm pre-coated silica gel 60 F 254 aluminium sheets. Compounds were detected by dipping the TLC plates in an ethanolic solution of sulphuric acid (5%, v/v) and heating or using a reagent prepared by dissolving a mixture of ammonium molybdate (4.2 g), cerium sulfate tetrahydrate (0.2 g) and sulphuric acid (6.2 mL) in water (94 mL). Column chromatography was performed using silica gel (100-200 mesh, ASTM). 1 
with the coupling constant (J value) expressed in Hz. Dept 135 and 2D NMR like COSY, HSQC and HMBC were also used for characterizing synthesized molecules. The anomeric ratios of products reported in Table 1 were determined from their NMR spectra. Mass spectra were obtained on Ultraex TOF/TOF MALDI or HRMS equipment. Specic rotations were determined on an AUTOPOL IV polarimeter at 20-24 C. IR spectra were recorded on a Nicolet FT-IR Impact 410 instrument either as neat or as KBr pellets. Melting points were determined on a melting point apparatus.
Typical procedure for the preparation of 2
A mixture of acetylacetone (10 mL, 97.8 mmol) and ethylenediamine (10 g, 166.3 mmol) was heated at 120 C for 2 min.
Acetic acid (20 mL) was then added to it and the reaction mixture was stirred for 10 min at 120 C. It was then brought to room temperature, and aer adding water (200 mL) followed by aqueous HClO 4 (20%, 60 mL) and stirring, the mixture was allowed to stand overnight to form crystals. The crystals were then separated by ltration through a fritted glass funnel and were washed with cold water followed by n-hexane/n-heptane on the funnel. They were then dried under reduced pressure (48 h) to yield 2 as a colourless crystalline product (36 g, 96%). 
General procedure for the acetylation reaction in the presence of 2
The substance to be acetylated was added portionwise to a mixture of 2 (25-30 mol%) and acetic anhydride (1.2-2 mol equiv./OH/SH/NH 2 group) and the mixture was stirred at 35-40 C. On completion of the reaction (as conrmed by TLC), the mixture was directly poured onto crushed ice, neutralized with NaHCO 3 and was extracted with EtOAc in a separating funnel. The organic extract was then washed with brine and was dried over anhydrous Na 2 SO 4 . Aer separation by ltration it was concentrated under reduced pressure and vacuum-dried to yield the respective peracetylated product in near-quantitative yields. The crude product thus obtained was practically pure (see the NMR spectra) and were suitable for further use directly. Analytically pure samples were obtained by either recrystallization or by chromatography on a column of silica. showed complete consumption of the sugar. The solution had become hot due to the exothermic nature of the reaction. It was then poured, while being stirred, onto crushed ice in a beaker containing sodium bicarbonate and was le in a refrigerator for the solids to separate. The solids were then collected over a glass lter by ltration at the pump and were washed with cold water followed by cold n-hexane/n-heptane. Drying under reduced pressure yielded the desired product, 1,2,3,4,6-penta-O-acetyl-Dglucopyranose (6, 42.8 g, 99%) as a colourless solid homogenous in all respects with an authentic sample of 6 and as conrmed by physical constants and spectral data. 
Methyl
N-(benzyloxycarbonyl)-O-(2,3-di-O-acetyl-6-O- tert-butyldimethylsilyl-a-D-mannopyranosyl)-L-serinate(82)
